Introduction
A combination of recess and insulated-gate structures is often used for fabricating normally-off AlGaN/GaN HEMTs. Since dry etching and insulator deposition are required for the fabrication process of such structures, it is not simple to achieve precise control of the threshold voltage of an HEMT. Moreover, there remains anxiety that the plasma environment during the dry etching and/or the insulator deposition induces various types of damage in the AlGaN layer and/or the 2DEG channel region.
An electrochemical oxidation is promising for fabricate the recess and MOS gate structures at the same time, as shown in Fig. 1 . Furthermore, the process has some advantages such as low energy and RT process with a simple setup in air. We have recently reported normally-off operation in the AlGaN/GaN HEMT with a recessed oxide gate by a selective electrochemical oxidation of AlGaN [1] .
In this paper, we characterize basic properties of native oxide of AlGaN formed by the selective electrochemical process, and demonstrate its application to a precise control of threshold voltage of AlGaN/GaN HEMTs.
Experiments
We used Al 0.25 Ga 0.75 N/GaN heterostructures grown on sapphire substrate by MOCVD. The thickness of the AlGaN layer was 25 nm. An ohmic contact was fabricated on the AlGaN surface using a Ti/Al/Ti/Au multilayer. As a mask for the selective oxidation process, we deposited a 100-nm-thick SiO 2 layer on the AlGaN surface by PECVD at 300 °C. The window for oxidation was then fabricated by using optical lithography and wet etching in a buffered HF solution, as shown in Fig.1 .
For the electrochemical process, we used an electrolyte consisting of propylene glycol and 3-wt% tartaric acid at a ratio of 2:1. The electrolyte was adjusted to pH = 7.0. The potential of the AlGaN surface was controlled by a potentiostat via an Ag/AgCl reference electrode. The following oxidation reaction is expected at the AlGaN surface:
As indicated by the equation, holes are necessary for the successful oxidation at the electrolyte/AlGaN interface. UV illumination with a power of 25 mW/cm 2 was thus introduced to the sample surface to supply holes at the electrolyte/AlGaN interface.
Results and discussion
Figure 2 (a) shows the oxidation current as a function of the process time. As shown in the inset, we applied a ramp voltage to the AlGaN surface with a sweeping rate of 25mV/s, and the bias was then changed to a constant form (-5V). At the initial stage of oxidation, we observed very low reaction current (region A). In this bias region, it is expected that holes generated by the UV illumination can be recombined with a high density of 2DEG at the AlGaN/GaN interface. In this case, only a limited amount of holes are supplied to the electrolyte/AlGaN interface. At region B, the 2DEG might be depleted. The bias of -4.3 V well corresponds to the threshold voltage observed in the Schottky-gate HEMT. Then, a sufficient amount of holes were supplied at the electrolyte/AlGaN interface, resulting in the rapid increase of the oxidation current at the region B. A cross-sectional transmission electron microscopy (TEM) image of the oxide/AlGaN interface with an oxidation time of 260 s is shown in Fig. 2 (b) . An amorphous-phase oxide with a thickness of 7 nm and a relatively flat interface were observed. Figure 3 (a) shows the XPS spectra of Al2p and Ga3d core levels before and after oxidation. After oxidation, the peak positions of both levels shifted to the higher energies corresponding to those of Al 2 O 3 and Ga 2 O 3 , respectively. This indicates that the native oxide of AlGaN prepared by the present electrochemical oxidation is a composite of Al 2 O 3 and Ga 2 O 3 . In addition, its composition ratio followed that of the original AlGaN alloy. The band gap, E G , of native oxide can be estimated from the energy-loss peak in the O1s spectrum [2] . As shown in Fig. 3 (b) , the onset of the loss-peak line gave E G = 5.8 eV that is an intermediate value between those of Ga 2 O 3 (4.9 eV) and Al 2 O 3 (6.7 eV).
Then we applied the present oxidation process to the recessed-oxide-gate AlGaN/GaN HEMTs. Figure 4 shows drain I-V characteristics of the recessed-oxide-gate HEMT with the gate oxide thickness of 20 nm, L G = 12 µm and W G = 100 µm. The HEMT showed good gate control of drain current and achieved normally-off operation. To achieve precise control of V TH of the HEMT, we carried out the in-situ monitoring of the conductance between source and drain electrodes. During the electrochemical oxidation of the gate region, we once switched off the bias and UV illumination, and measured the drain-source conductance of the HEMT in electrolyte. Then, we restarted the oxidation process, and continued the oxidation and the conductance monitoring cycle alternately. Figure 5 shows change in the I-V curves between drain and source electrodes for the conductance monitoring as a function of the oxidation time. The conductance systematically decreased with increasing oxidation time. In this case, we confirmed the 2DEG depletion after the oxidation for 430 s. The development of a computer control of such a process for oxidation and monitoring leads to the precise control of V TH in the recessed-oxide-gate HEMTs. 
